The current ITER design employs beryllium, carbon fiber reinforced composite and tungsten as plasma facing materials. Since these materials are exposed to high heat fluxes during the operation, it is essential to perform high heat flux tests for R&D of ITER components. Static heat loads corresponding to cycling loads during normal operation, are estimated to be up to 20 MW/m 2 in the divertor targets and around 0.5 MW/m 2 at the first wall in ITER. For the static high heat flux testing, tests in electron beam facilities, particle beam facilities, IR heater and in-pile tests have been performed. Another type, more critical heat loads, which have high power densities and short durations, corresponding to transient events, i.e. plasma disruption, vertical displacement events (VDEs) and edge localized modes (ELMs) deliver considerable heat flux onto the plasma facing materials. For this purpose, tests in electron beam (short pulses), plasma gun and high power laser facilities have been carried out. The present work summarizes the features of these facilities and recent experimental results as well as the current selection of ITER plasma facing components.
Introduction
The joint project of the next step fusion device, ITER has been initiated in 1986. It is a continuous effort of scientific and technological research from the EU, Japan, the USA, Canada and Russia. Recently China and South Korea have joined the project. Thanks to intensive R&D programs, ITER is now ready for construction. ITER will be the first fusion device with significant Q (ratio of fusion power to additional heating power) and extended to D-T burning. The design of ITER relies on a solid and robust basis of experimental results and sophisticated modelling. 1) However, there are still a number of issues for which the existing database is still fragmentary or which are critical on the basis of extrapolation from present fusion devices. The longer pulse duration and cumulative run-time, together with the higher heat loads during normal operation and more intense transient heat loads, plasma disruptions and vertical displacement events (VDEs) represent the largest changes in the operation conditions compared to current experiments. These issues as well as radiation damage due to 14 MeV fusion neutron, need to be addressed in dedicated experiments on existing fusion facilities in parallel to the ongoing simulation experiments and have to be implemented into the ITER design at a given time.
Design studies for ITER are based on the technical feasibilities of plasma facing components (PFCs) which can guarantee a reasonable lifetime from safety and economical points of view. This lifetime is limited mainly by thermal loads and by thermally induced mechanical stresses to these components. Here thermal fatigue during the cyclic plasma operation at power density of 5 to 20 MW/m 2 for the divertor targets ($0:5 MW/m 2 for the first wall) are a serious concern, in particular for discontinuously operating tokamak devices. Transient heat loads, such as plasma disruptions will deposit energy densities of several ten MJ/m 2 , these events with pulse durations in the order of 1 ms will damage and erode the divertor, especially in the separatrix strike zone. Further transient events which will deposit a large fraction of the plasma energy ($60 MJ/m 2 ) on relatively small wall areas (pulse duration typically 100. . .300 ms) are the vertical displacement events (VDEs). The quasi-continuous plasma operation in large future confinement experiments is associated with another transient heat load event, namely type-I ELMs (Edge localized modes) which will deposit a nonnegligible amount of energy during each event, the expected power deposition is repeated a frequency of about 1 Hz, in the order of 1 MJ/m 2 within a sub-millisecond time scale.
2)
These ITER relevant heat load conditions are summarized in Fig. 1 . In addition to the heat loads, 14 MeV neutrons result in radiation damage. The predicted maximum neutron damage in beryllium (Be) is $1:5 dpa, 1500 appm He, and an operation temperature for the first wall is $200-300 C (for the limiter the maximum temperature during start up: $700 C). Radiation damage is calculated to be $0:1 dpa at the operation temperature $200-1300 C in tungsten (W) and <0:1 dpa at $200-1500 C in carbon fiber reinforced composite (CFC) (taking into account the replacements of the divertor cassettes).
3) Thus, it is essential to study the performances of the materials and components under these For simulation of the ITER relevant high heat fluxes, a number of different types of heat sources have been applied, e.g. electron beam facilities, particle beam facilities, IR heaters, plasma guns. Each heat source has different specification which is associated with the advantages and disadvantages. The present paper focuses on high heat flux testing by various heat sources. Section 2 summarizes briefly candidate plasma facing materials (PFMs) and options of PFCs. Section 3 describes static heat load testing such as screening and thermal fatigue tests. Section 4 summarizes transient heat load experiments, namely, thermal shock experiments which are corresponding to transient events.
Plasma Facing Materials and Components in ITER
PFMs, so-called armors, joint to coolant tube or a heat sink made of Cu-alloy with water cooling channels. Currently, the ITER design employs several PFMs selected for their suitability to regions of the vacuum vessel with different power and particle loading characteristics. Be is the prime candidate material for the first-wall, whereas, W is the preferred material for the divertor, except for the area near the strike points where CFC will be used. Figure 2 shows the poloidal cross section of ITER. Be, W and CFC armored area are to be about 700 m 2 , 70 m 2 and 50 m 2 , respectively. 4) Each of these candidate materials has inherent advantages and disadvantages. 1) Be has been selected as the armor of the first wall since it is a low Z material which is less harmful to the fusion plasma and it is a good oxygen getter. W has advantages because of the high melting point and low erosion rate under high flux hydrogen isotope bombardment in the divertor. However, the operational lifetime of W in this region is uncertainty due to melt layer loss under transient heat loads. Thus, CFC is primarily chosen because of its high thermal shock resistance.
In the frame of ITER R&D activities, main target of developing high heat flux components of divertor have been highlighted: (1) Evaluation of the different armor material grades and the selection of the reference grade for the ITER, (2) Justification of the material performance at ITER specific conditions (thermal fatigue/thermal shock resistance, neutron irradiation effect, etc.), (3) Demonstration of their durability of the joints between plasma-facing materials and heat sinks. The current status of R&D on plasma facing materials and components are comprehensively summarized in recent review papers. [5] [6] [7] [8] [9] The followings are a brief summary of the currently promising options for ITER PFCs and non-destructive examinations applied during manufacturing.
Be materials and the components
Studies based on thermal fatigue and thermal shock resistance indicated that the most promising Be grades is ''vacuum hot pressed'' S-65C provided by Brush Wellman (US), and DShG-200 (Russia) as an option. S65-C grade has been selected as a reference material due to the lowest BeO and metallic impurities contents, and high ductility at elevated temperatures. 10) Be (thickness of $10 mm) is possible to join directly to the Cu alloy heat sink without OFHC (oxygen free high conductivity)-Cu interlayer because its thermal expansion coefficient does not differ from that of Cu very much. However, Be reacts with almost all metals and forms brittle intermetallic compounds. To suppress the intermetallic compounds during joining processes, optimized process parameters have been developed with diffusion barriers such as titanium interlayer. R&D, different interlayers and various processes (brazing and hot isotropic press (HIP)), have been attempted. 7, [11] [12] [13] [14] A new technology, fast brazing, has been developed by the Efremov institute (Russia). 15) Here the rapid temperature ramping rate (typically 160-180 K/min. in heating phase and 20 K/min. in cooling phase) is realized by an electron beam facility, TSEFEY, 16) Efremov Institute (Russia). Because of the short brazing time, formation of brittle intermetallic zone was considerably suppressed.
15) The Be mock-ups (20 mm Â 20 mm) showed excellent thermal fatigue performances up to 8 MW/m 2 .
17) The ITER design adopted a first wall panel of the size of 1100 mm Â 350 mm. 18) This is orders of magnitude larger than the size of current small-scale and medium-scale mock-up (around 100 mm Â 100 mm), thus, scale-up of Be mock-up is a technological challenge, presently.
Alternative option is Be coatings on heat sinks. Vacuum plasma spray (VPS) Be coating has been developed in LANL (US). 19) After optimization of the coating condition, 12 mm thick VPS-Be coating which has 98% of bulk Be density and 94% of thermal diffusivity of bulk Be were achieved. 20) The heat flux tests were performed in electron beam facility, EBTS, 21) Sandia (US). The VPS-Be mock-ups survived under thermal fatigue loads at 1 MW/m 2 for 1000 cycles. 
CFC materials and the components
For the present design of ITER, 3D carbon fibre reinforced composite (CFC) has been selected as armour for the divertor target near the plasma strike point. 23, 24) CFC materials have been developed with the goal to obtain high thermal conductivity (>300 W/mK at RT), high density, high purity and a proper balance of the mechanical properties. Details concerning the development of CFC for fusion applications are described in Ref. 25, 26 . The reference ITER candidate CFCs are Sepcarb Ò NB31 (Snecma Propulsion Solide (France)), Concept 2 (Dunlop Aerospace (UK)) and NIC-01 (Nisseki-Corporation (Japan)).
7) The first two materials have an average 25-30% volume fraction of high conductivity expitch fibres in the direction with the highest thermal conductivity (5-7% of ex-PAN fibres in the other two directions). NIC-01 has a higher fibre content (43%/18%/6% Granoc pitch fibres), which is responsible for its superior thermal conductivity. The densification is performed by chemical infiltration of pyrocarbon, followed by a graphitisation heat treatment. 27) NB31 also exists in a silicon-doped grade, named NS31, developed to minimise the chemical erosion and the tritium uptake. 28) NS31 is produced by the final infiltration of liquid silicon leading partly to the formation of silicon carbide. Parameters in terms of physical, mechanical properties or average densities of these CFC grades are listed in many publications. 25, [29] [30] [31] [32] The development of the CFC/Cu joint was one of the most challenging R&D efforts. The main problem is a large mismatch of thermal expansion between CFC and Cu alloy heat sink. Several possible solutions are presently available. Active Metal Casting (AMC Ò ), developed in 1995 by Plansee (Austria) consists of casting Cu onto a laser textured and titanium activated CFC surface. 7, 33) Beside this well established technology, several brazing methods for joining CFC to copper have been developed, mainly by JAERI (Japan) 29, 32, 34) and more recently by Ansaldo Ricerche (Italy). 28, 35, 36) 
W materials and the components
Pure sintered W is currently recommended as a reference W, which is available from different suppliers. The main drawback of W material is severe cracking due to thermal stress because of the brittleness below the ductile to brittle transition temperature (DBTT) at around 400 C. Therefore, the application range of solid pure W is limited to temperature above the DBTT and below the recrystallization temperature at around 1300 C. To improve the mechanical properties at low temperature, various alloys such as W5%Re have been developed. 37) Dispersion strengthened (DS) W, e.g. W-1%La 2 O 3 which has higher recrystallization temperature became a promising W material. 37) Recently, W materials produced by mechanical alloying (MA) of ultrafine grain W ($1 mm) with TiC dispersion particles have been developed. Especially, the W material containing 0.2 mass% of TiC showed remarkable reduction of DBTT down to 180 C and increase of the recrystallization temperature above 2000 C. 38, 39) The main obstacle of joining W to Cu alloys is the large thermal expansion mismatch as is the case for CFC/Cu joining. As technological solutions, castellation (flat tile design (see Fig. 3(c)) ) and 4 mm thick monolithic plates (mono-block design (see Fig. 3(d) )) or even thinner plates (0.2 mm thick), lamellae structure (mono-block design) have been selected in order to reduce thermal stress under high heat fluxes. For reducing thermal stress, functionally graded materials (FGM) is also an attractive solution. Optimization of FGM layer in terms of reduction of thermal stress, have been done by finite element calculation methods (FEM) and FGM was built by VPS coating by separated W and Cu powder feedings. [40] [41] [42] For joining of solid W to the heat sink, common methods are casting, brazing, electron beam welding 7) and hot pressing.
43)
An alternative concept is W coating on heat sinks. As coating technologies, VPS [44] [45] [46] [47] [48] and chemical vapor deposition (CVD), 49, 50) have been proposed and tested in terms of the performances under high heat flux loading. Presently, VPS-W, density of more than 90% of sintered W has been achieved. 45) The performances were discussed under thermal fatigue tests at power density, <10 MW/m 2 45) and under plasma loadings in the ASDEX-Upgrade tokamak, $6 MW/ m 2 46) and in TEXTOR tokamak, $20 MW/m 2 . 47) CVD-W coatings have been developed on pure Cu, W-30%Cu or Mo substrates. 49, 50) The layer has high purity and comparable thermal properties to sintered pure W. 50) Thermal fatigue tests (22 MW/m 2 for 10 s) on CVD-W with a thickness 2 mm showed the excellent performances. 49) Thermal shock tests show the good resistance of CVD-W compared with sintered pure W.
50)

Non-destructive examination
ITER design has to be consistent with nuclear technology and remote maintenance feasibility. The divertor is being designed very flexible and to be removable cassettes. Each of the 54 divertor cassettes consists of 27 outer and 21 inner vertical target units which are composed of 40 and 35 CFC monoblocks, respectively. Summing up, approximately, 100 000 CFC monoblocks will be installed in the ITER divertor. In case of W macro brush design, the number of the individual rods is foreseen to be in the order of half a million. 7) The first wall armored with Be tiles has been designed to be approximately 1750 large panels with a size of 1100 mm Â 350 mm.
18) The manufacturing of the delicate component with a high acceptance rate is a technological [51] [52] [53] transient thermography examination for actively cooled mock-ups by using hot and cold water loops 51, 54, 55) and lock-in thermography examination.
56) The lock-in thermography examination has been performed to detect defects in flat tile CFC mockups. The phase shift of periodic temperature increase at different locations was analyzed under periodic heating by 4 flash lamps (4 Â 1 kW). In this analysis, the frequency of periodic heating and loading power density are the important parameters. The feasibility of these examinations can be found in recent review papers. 7, 57, 58) 3. Static High Heat Flux Testing: Screening and Thermal Fatigue Tests
During routine operation cycles in ITER, the PFCs are subjected to high heat fluxes as mentioned in Section 1. To simulate such heat load condition, various heat sources are used. The tests are performed with surface loading on actively cooled mock-ups with defined power densities. There are two kinds of testing schemes: screening tests and thermal fatigue tests. Screening tests are performed by stepwisely increased heat fluxes. It reveals the heat removal capability of various mock-up geometries. Thermal fatigue tests are performed by a cyclic high heat flux up to typically several thousands cycles. Each cycle consists of a heating and a cooling phase. The duration of the heating phase is typically 10 to 30 seconds, depending on the time period until thermal equilibrium is achieved. The test reveals thermal fatigue performance of the mock-ups. During these tests, failure in the mock-ups are directly observed by overheating of surfaces due to reduction of thermal contact above the tolerable heat fluxes for the mock-ups. Figure 4 illustrates summary of thermal fatigue tests on various CFC mock-ups.
The main in-situ evaluations are done by observation of surface and bulk temperatures at each power density and each cycle. The surface temperature is observed by optical thermometers, e.g. infrared (IR) scanners, single color and two color pyrometers. Especially IR scanners represent powerful diagnostics because they provide two dimensional temperature distribution on the surface, whereas, pyrometers measure temperatures in the observing spots. The critical point of the measurements by means of IR scanner and single-color pyrometer are the fact that users have to define an emissivity which is dependent on many parameters, e.g. type of material, surface morphology, observation angles and the detecting wavelength. The emissivity is calibrated by comparing between surface temperature by optical thermometers and the bulk temperature by thermocouples at the thermal equilibrium. In this point, two-color pyrometer has a great advantage on measurement of absolute surface temperature without setting an emissivity, although it has normally rather high threshold of measurable minimum temperature. The bulk temperature is measured by embedded thermocouples in mock-ups. This is a reliable and direct measurement. However, the measurement is sometime disturbed by poor thermal contact of the thermocouples to mock-ups, which causes underestimation of the bulk temperature. And positioning of the thermocouples should be carefully done. The mis-positioning of thermocouples results in a large deviation of the measured temperatures because of a large temperature gradient in mock-ups. Table 1 shows various heat sources and the the parameters. All these facilities are needed to provide enough test capacity for R&D of ITER components. Consequently, it is very important to address the correlation of the evaluated results from different facilities since all of them have different machine parameters. To access the correlation between the results from different facilities, Round Robin Tests have been done by JUDITH, JEBIS, FE200, EBTS, TSEFFY and JET NBI Testbed 59, 60) with the same nominal power density on the same mock-ups in those facilities. The main conclusion from these tests is that the surface temperatures evolution with power densities, fairly agreed with each other, although there were systematic deviation. The detailed discussion on the deviation can be found in references. 59, 60) The crucial points are (1) surface temperature measurement and (2) power density calibration. Calibration of surface temperature should have been done at each facility because of the different specification and alignment of optical thermometers (detecting wavelength, angle and window materials). The power density is calibrated most commonly by water calorimetry. 61) Power density is estimated by measuring the temperature difference between inlet and outlet coolant. The absorbed power density is calculated by the following equation,
where C p is the specific heat, ÁT the temperature increase, and the mass flow of the coolant. Temperature measuring points of the coolant water is needed to be as close as possible to the mock-up since heat transfers from coolant to the coolant tube and the other parts having thermal contacts. Bulk material calorimeters made of thermally isolated graphite and Be coupons have also been applied using the specific heat, temperature increase and mass of the bulk materials.
62) The incident current was also used to calibrate power density by the following equation in case of electron beam facilities.
61)
Power density, P / MWm -2 Number of cycles 
where U is the acceleration voltage, I the beam current and the absorption coefficient (for W, W ¼ 55% for an acceleration voltage of 120 keV).
Static heat load testing by electron beam
Advantages of high heat flux testing by electron beam are the flexible operation (pulse length, $1 ms up to continuous work) and homogeneous heat loading on large areas. A number of electron beam facilities have been constructed, JUDITH 63) in Forschungszentrum Juelich (Germany), JEBIS, 64) OHBIS 62) in JAERI, ACT 65) in NIFS, EBHT 66) in Kyushu University (Japan), FE200 67) in CEA (France), TSEFFY 15) in Efremov Institute (Russia), EBTS, EB1200 21) in Sandia (USA), and an electron beam facility in SWIP (China). 68) In this paper, recent results of ITER relevant high heat flux testing performed by three of those electron beam facilities, JUDITH, JEBIS and OHBIS are mainly summarized.
JUDITH (JUelicher DIvertor Test facility in Hot cells) has focused its test programe mainly on mock-ups designed by EFDA (European Fusion Development Agreement). Since JUDITH is installed in hot cells, it has a great advantage to perform high heat flux testing on irradiated and toxic samples such as Be samples. CFC flat tile and monoblock design (see Figs. 3(a) and (b) ) have been tested in JUDITH before and after neutron irradiation. Both mock-ups were produced by the AMC joining technique with NB31 armor. In the unirradiated stage both types of mock-ups showed very high failure limits. [69] [70] [71] [72] [73] [74] The flat tile mock-up survived 1000 cycles at 20 MW/m 2 . The monoblock was loaded for 1000 cycles at 19 MW/m 2 . 74) After neutron irradiation (0.2, 0.35, 1 dpa at $200 C, 350 C and 700 C in HFR, Petten, the Nederland), both types of CFC mock-ups showed a dramatic increase of surface temperature due to the reduction of thermal conductivity of CFC. 74) In case of CFC flat tiles, detachment of a tile started after 200 cycles at 19.5 MW/m 2 after 0.2 dpa at 200 C, and tests were limited to 15 MW/m 2 after 1 dpa at 200 C because of strong erosion (sublimation). Monoblock design is considered more robust because it will not detach due to the geometry, however, monoblock mock-up showed even more severe temperature increase after irradiation. The maximum surface temperature of the monoblock mock-up increased from 401 to 1580 C at a relatively moderate power density of 5 MW/m 2 after 0.2 dpa at 200 C (surface temperature of flat tile increased from 155 C to 290 C after 0.2 dpa at 200 C, and 155 C to 550 C after 1 dpa at 200 C). In case of CFC monoblock mock-ups, overheating (>2000$ 2500 C) of the surfaces which caused strong sublimation occurred at 14 MW/m 2 for 0.2 dpa at 200 C, 12 MW/m 2 for 0.35 dpa at 350 C, 16 MW/m 2 for 0.35 dpa at 700 C.
70,71,74) Figure 5 shows the surface temperature as a function of power density for un-irradiated and neutron irradiated CFC monoblock mock-ups. 71) The thermal fatigue tests of the monoblock mock-up (0.2 dpa at 200 C) were carried out at 12 MW/m 2 for 1000 cycles without failure. 74) However, the failure limits are reduced to about 10 MW/m 2 after 0.15 and 0.6 dpa at 200 C. The failure was caused by detachment of the W rods at the joining between W alloy and OFHC-Cu which is ascribed to radiation induced embrittlement of the OFHC-Cu layer. 74) On the other hand, W monoblock showed rather benign performance before and after irradiation at 18 MW/m 2 for 1000 cycles. 74) W-coated mock-up, VPS-W (5 mm thickness) on CuCrZr with Ni-Al-Si interlayer, was tested as an alternative solution of W components. The thermal fatigue tests were limited to 7.6 MW/m 2 due to successive increase of the surface temperature. Metallographic inspection showed that large cracks formed parallel to the loaded surface. 72) VPS-W appears to be an option only for the lower power density area. According to the results, W monoblock design is the most promising option for future fusion devices.
Three small scale Be mock-ups (15 Â 25 mm 2 , 3 and 8 mm thickness) manufactured in different brazing conditions were tested in JUDITH before and after irradiation. 70) All mockups withstood more than 6.5 MW/m 2 for 1000 cycles even after neutron irradiation of 0.35 dpa at 350 C. Scale-up of mock-ups is the technological challenge and it is strongly required for Be mock-ups. As the first step, medium-scale Be mock-ups (approximately 100 Â 100 mm 2 ) manufactured by different HIP and brazing condition and examined.
14) The all brazed mock-ups failed at 3 MW/m 2 . It is far beyond the ITER requirement for the first wall ($0:5 MW/m 2 ), nevertheless, it is still needed to develop reliable joining techniques of Be armor to heat sink in large scale mock-ups.
JEBIS (JAERI Electron Beam Irradiation Stand) in JAERI (Japan) is being used to carried out thermal cycles tests of small-and medium-scale divertor mock-ups with 2D-CFC (CX-2002U) and W armor tiles joined to Cu-alloy heat sink for ITER as well as high performance cooling tubes. As a castellation structure, rod-shaped W armors were tested. 
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Cyclic heat load tests on small-scale mock-ups at 10 MW/m 2 in JEBIS showed no failure over 3000 cycles, and applicability of this option has been demonstrated. 75) Besides, R&D of armor design and joining development, improvement of the heat removable capability is another essential approach. As for the thermal fatigue tests on high performance cooling tubes, the screw tube made of CuCrZr with threading was tested at heat fluxes above 20 MW/m 2 . 76) This is a copper cooling tube ( ¼ 10 mm) with internal fins in a helical and triangular shape machined by simple mechanical threading (M10). Heat removal capabilities have already been confirmed, comparable with those of the twisted tape (swirl tube). 77) Metallographic observation showed fatigue-cracks initiated from the outer surface of the tube and propagated towards the inner surface. Although stress concentration and crack initiation at the root of the internal fins were concerned in this concept, the results indicated that the fins had no dominant effect on their fatigue lifetimes.
OHBIS (Oarai Hot-cell electron Beam Irradiating System) 62) in JAERI, is used to analyze mock-ups with Be as well as neutron-irradiated mock-ups with CFC armor tiles. 78) Small scale Be mock-ups (Be tiles: 15 Â 20 mm 2 ) have been tested at a heat flux of 5 MW/m 2 for 1000 cycles. 12) In these mock-ups, Be tiles are bonded to DS-Cu heat sink with an interlayer of either Al/Ti/Cu or pure Cu by HIP. To investigate the neutron irradiation effects on PFCs with CFC tiles joined to DS-Cu heat sinks, high heat load tests of small-scale mockups were also carried out in OHBIS. Neutron fluences to these mock-ups were 0.3 and 0.4 dpa at 300 C irradiated in JMTR (Japan Material Testing Reactor) in JAERI. No damage was observed in the mock-ups throughout 1000 thermal cycles at 5 MW/m 2 . Again, significant increase of surface temperatures of the CFC tiles after neutron-irradiation was observed due to reduction of thermal conductivity of the CFC. FE200 in CEA (France), has a large vacuum chamber which enables to perform heat load testing on large scale mock-ups. Divertor vertical target medium scale (40 mm Â 500 mm) prototype with W and CFC targets was manufactured. The mock-up consists of W (pure W and W-1%La 2 O 3 ) macro brush armor on DS-Cu heat sink and CFC (NB31) monoblock armors with DS-Cu cooling tube integrated on a SS316L steel back plate. The details of manufacturing can be found in. 79) It was tested in FE200 up to 15 MW/m 2 at the W target and 20 MW/m 2 at the CFC target for 1000 cycles. After the completion of the high heat flux test, there were no appreciable differences between pure W and W-1%La 2 O 3 as far as the thermal fatigue behavior was found. The detachment of the two W tiles after additional 100 cycles at 15 MW/m 2 seems to be due to creep damage of the pure copper interlayer and concerned only the area with a coarse castellation. No indication of failure was found in the CFC parts. 79) 3.2 Static heat load testing by other heat sources 3.2.1 Static heat loads by particle beam facilities PBEF (Particle Beam Engineering Facility) in JAERI can generate an intense hydrogen ion beam up to 1.5 MW for a duration of 0.01 to 1000 s. One of the advantages of the usage of the hydrogen ion beam as a heat source is the lower reflection at metal targets than electron beam. In particular, it is suitable to heat up different target materials simultaneously, such as the mock-ups with CFC and W surfaces. PBEF has a large vacuum chamber (3.5 m wide, 7 m long and 4 m high), in which a full-size divertor cassette can be tested. Two ion beam sources can be adapted each other to experimental conditions: One is a small ion source that can generate Gaussian beam profiles with a FWHM of 140-160 mm and its peak value ranges up to 60 MW/m 2 . Another one is a large ion source that can deliver sheet-like hydrogen ion beams (loading area of 0:1 m Â 1 m at the maximum heat flux of 10 MW/m 2 ) onto mock-ups. Many kinds of high heat flux tests have been carried out including critical heat flux (CHF) test on cooling tubes with various geometry and thermal fatigue tests on large-or full-scale divertor mock-ups in PBEF.
Heat removal capabilities of high performance cooling tubes with pressurized water have been investigated including rectangular tubes with internal saw-toothed fins 80) and annular tubes with internal twisted fins. 81) A promising cooling tube for high heat flux components is a screw tube. It was found that the screw tube made of pure Cu with M10 threading could remove as high heat flux as 45 MW/m 2 with water flowing at the pressure of 1 MPa and at room temperature.
To examine synergistic effect of helium (He) bombardment and heat loads, heat load experiments with He particle beam was performed. As a result, the loaded samples showed noticeable microstructure changes on the surface, i.e. blistering and exfoliation in particular conditions. 82) The results indicate that W surfaces modified remarkably by synergistic effect of heat and He particle loads which are similar to the loads in ITER: heat loads and He ash (one of the fusion products).
In the JET Neutral Beam Injector (NBI) testbed 83) in UKAEA (UK), the power loading is performed by ion beam with the composition: 56% H þ , 6% H 2 þ , 38% H 3 þ . The acceleration energy was up to 56 keV, and the beam profile is Gaussian. Maximum power density is 100 MW/m 2 . Active cooling is performed with water at room temperature with a flow rate of 60 l/min. Due to the lay-out of the power supply, shots of maximum 20 seconds are available. The well calibrated power density of neutral beam injector was used as reference power density in Round Robin Test. 60) 
Static heat loads by Infrared heater
The majority of first wall test facilities employ IR-heaters (graphite or lamps) for realising heat fluxes onto the components for first wall application. Graphite heaters are used in the FIWATKA facility 84) in Karlsruhe (Germany) and in the CEF 1-2 thermal hydraulic facility in Brasimone (Italy). Both facilities can achieve a heat load of 0.8 MW/ m 2 , 85) whereas, this value represents the absorbed heat load in the FIWATKA facility (water calorimetry) and the incident heat load at CEF 1-2. 86) For temperature and stress evaluation FE-calculations are performed because the possibility of direct diagnostics is not given. In the CEF 1-2 facility the mock-ups are properly assembled on frames and hosted in two special glove boxes (EDA-BETA and THESIS) provided with the piping, electrical feed-through, the inert gas and vacuum system and the Be particle filtering. It operates with a 418 T. Hirai, K. Ezato and P. Majerus special CFC radiative electrical resistor, placed between a pair of mock-ups. In EDA-BETA, two pairs of medium size mock-ups can be tested in parallel, while THESIS offers the opportunity to simulate heat fluxes on a pair of full scale first wall panels. The surface temperature of the resistor is measured by We-Re thermocouples and monitored by a pyrometer. The Be tiles are layered with a ceramic-based, black pigmented, high emissivity paint. The inlet cooling water temperature can be switched between 20 C and 140 C to magnify thermal stresses. 87) First test campaigns in EDA-BETA have shown, that this stress magnification can significantly reduce the life of first wall mock-ups, even for lower incident heat fluxes between 0.3 and 0.5 MW/m 2 . 88) In the last test campaign for EDA mock-ups with Gildcop Al25 have been successfully subjected to 8000 cycles of >0:6 MW/m 2 . THESIS is presently preparing for the testing of two full scale panels, manufactured by CEA Grenoble and FRAMATOME (France).
89) The FIWATKA device consists of a large water cooled vacuum vessel. Inside a graphite heater with a surface area of 0:6 Â 0:4 m 2 , allowing tests on full scale mock-ups. An independent water cooling circuit with adjustable inlet temperature (RT-120 C) are installed.
90)
The heater is surrounded with water cooled copper shields, which have an adjustable aperture for the size of the mockups. FIWATKA was used to better simulate the thermal stress distribution, calculated for the ITER first wall during normal operation. Indeed, the massive shield block of full size components is still hot when the first wall rapidly cools down which causes stress excursion. This was simulated by inserting electric heaters in small scale first wall mock-ups in order to keep the SS rear plate hotter during cooling down. Thermal cycling at a heat flux of 0.75 MW/m 2 for a cycle duration of 8000 cycles revealed no evidence of defects. 91) Beside ITER relevant simulations FIWATKA has been used up to July 2004 to test PFCs for a Stellerator, Wendelstein 7-X in Greifswald (Germany).
86) The facility is presently out of service, but remains operable. 84) 3.2.3 In-pile testing: synergistic effect of neutron irradiation and thermal fatigue loads A synergistic effect of neutron and cyclic thermal loads on actively cooled components is realised by in-pile thermal fatigue tests. 92) Such tests with high correspondence to real PFC operational conditions are achieved in the SM-2 experimental fission reactor at Dimitrovgrad (Russia). 93) Different attempts to create additional heat load (to neutron flux and radiation heating) onto mock-up surface inside the narrow reactor channels have been made (Fig. 6) . Initially a heat flux of 4-6 MW/m 2 was reachable. 94) To increase the thermal load, massive W or Ta blocks, heated up by neutron and -ray fluxes to temperatures around 2300 C (1950 C for Ta), 95) were individually fixed mechanically on each tile of the mock-ups. A soft carbon-based contacting interlayer enhanced the heat transfer to the surface of the module. This method allowed heat fluxes in the order of 8-10 MW/m 2 . Cooling of the samples is performed by water from the reactor tank. Cycling of thermal and neutron loads is provided by simple periodical pulling of the rig from the high heat flux region of the reactor. Power meters equipped with thermo couples are installed in a line next to the tested mock-up. From these measurements and additional calculations by FEM the heat flux is estimated. However, direct measurements of the temperature evolution over the cycle number are not given. Thus post mortem inspection by hot metallography have been performed to obtain information on any degradation effects. The facility is mainly used to perform tests on components designed for first wall application. Different modules of ITER relevance (CFC/Cu flat tile and monoblock, Be/Cu) that have been tested up to 1000 cycles and $0:2 dpa at power densities of 7.5-8 MW/m 2 . All mock-ups showed good performances so far.
92)
Transient Heat Load Testing: Thermal Shock Tests
Transient heat loads such as plasma disruption and VDE are predicted in ITER. The number of disruption and VDEs are predicted to be approximately several hundreds and some tens of shots in the component life time, respectively. 96) Although the numbers of these events are small compared with that of normal cyclic operation, these transient events could damage and erode the plasma facing surfaces considerably because of the high power densities. The other transient heat loads, type-I ELMs (Edge localized modes) will deposit non-negligible amount of energy during each event in a sub-millisecond time scale. It is essential to note that ELMs deposit energy in a frequency of around 1 Hz in ITER. It means that these events occur more than one million times in the ITER component lifetime. They may represent a major limitation for the divertor target lifetime of PFCs in ITER. Studies on ITER relevant ELM-like heat load testing have just started. 97, 98) In this section, studies on material behavior due to disruption-like transient heat loads are mainly summarized.
Thermal shock tests have been performed up to several GW/m 2 or even more for very short duration. Conventional IR scanners are too slow to observe time evolution of the surface temperature. Therefore, fast diagnostics are required for these short pulse experiments. Fast pyrometers allow to measuring a fast time evolution of temperature up to the melting points (emissivity of melted surface are different from the solid metal and mostly unknown). During the experiments, the targets are surrounded by a number of fast optical diagnostics, e.g. pyrometers, photodiodes, laser scattering diagnostics and emission spectrometer (visible Heater (W or Ta) Fig. 6 Cross section of the test rig of in-pile tests in the SM-2 experimental reactor in Dimitrovgrad (Russia). 73) and VUV) [99] [100] [101] as well as collector probes for collecting the erosion products. [102] [103] [104] Post mortem analysis of loaded surfaces and ejected particles have been carried out. In the evaluation, the loaded surface, crater depth, features of cracking and weight loss as a function of loaded power densities are key parameters. In analysis of erosion products, the particle size distribution is important parameter. Table 1 includes some of the test facilities which have performed thermal shock tests. Since direct comparison of experimental results from different heat sources and facilities is not straightforward, numerical modeling of material responses taking into account the machine parameters of each facility is indispensable. Numerical modeling would provide the quantitative prediction of the material behavior in ITER.
4.1 Transient heat load testing in electron beam facilities Simulation of transient heat load testing has been carried out in electron beam facilities, JUDITH, JEBIS and OHBIS by using capacitor modes, i.e. short pulse modes. The maximum loading power densities in JUDITH, JEBIS and OHBIS are 15 GW/m 2 , 2 GW/m 2 and 1 GW/m 2 , respectively. They are limited by maximum beam currents, acceleration voltages and minimum diameters of the electron beam spots. The advantages of electron beam facilities are flexible operation, minimum pulse length $1 ms to continuous work and rather homogeneous heat loading on large and well-defined area. The disadvantages are relatively high energy reflection, no possibility to apply magnetic fields around the targets and large penetration depth of the electrons owing to high acceleration voltage. The relatively high acceleration voltage is used in electron beam facilities in order to achieve high power with a limited beam current. The large penetration depth causes volumetric heating rather than surface heating in the targets (120 keV electrons can penetrate about 100 mm in carbon materials). Furthermore, a heat flux of energetic electrons will not be attenuated by vapor clouds that are created in front of target (see Section 4.2.1). Consequently, the erosion rate obtained from electron beam might be overestimated.
Although, carbon based materials (CBMs) are characterized by a high thermal shock resistance and no melting temperature, recent systematic studies showed that they suffer from macroscopic erosion, i.e. brittle destruction (BD) under ITER relevant disruptions condition. 99, 100, [103] [104] [105] [106] [107] [108] Timeintegral images shows particle release from fine grain graphite (R6650, Ringsdorf) and CFC (NB31, SepCarb SNECMA) e.g. 2.4 GW/m 2 for 4.4 ms. Figure 7 shows a time-integral image during thermal shock loading (2.4 GW/ m 2 for 4.4 ms) onto CFC. Weight loss measurements as a function of power density, show significant erosion above 1.8 GW/m 2 in case of graphite, whereas, negligible weight loss in CFC until 2.5 GW/m 2 . 106) As macroscopic erosion products, cluster of graphitic grains and fiber segments were found. 104) These experiments are accompanied by advanced numerical studies. 109, 110) To observe the dynamic erosion processes, fast diagnostics have been newly developed in JUDITH. The photodiode array equipped with near-infrared cut off filter (>850 nm) detects light from thermally radiating particles at two positions along the beam axis. By means of the two signals, the speed (estimated to be several 100 m/s), release angles of particles and rotation of the particles were analyzed.
100) The photodiodes equipped with interference filters detected selectively a particular line emission such as CII (589 nm). Time evolution of line emission during the heat loads was obtained. 100) As a further development of fast diagnostics in JUDITH, it is planed to install acoustic emission (AE) measurements 30, 111) to detect micro fracture and destruction processes during thermal shock loads. The other important factor is neutron radiation effect on the erosion. It was shown that the erosion of graphite increased after neutron irradiation (0.35 dpa at 350 C and 700 C) due to a reduction of thermal conductivity. 105) It is indispensable to study the influence of radiation damage on the BD as well as sublimation due to overheating caused by reduction of thermal conductivity.
Pure sintered W showed severe cracking after thermal shock tests at room temperature. This is obviously due to the high DBTT (see section 2.3). The severe cracking could be avoided by preheating above the DBTT. 105) Thermal shock tests on sintered W, W-1%La 2 O 3 , W-26%Re and plasma spray W were tested at around 1.4 GW/m 2 , for 4.4 ms. In this condition, recrystalization and melting is not avoidable. It was found that sintered W also suffered from macroscopic erosion, particle release above 0.7 GW/m 2 (3.2 GJ/m 2 ) for 4.4 ms. 107 ) W dust production due to the macroscopic erosion will be a serious concern in terms of safety considerations.
Various grade of Be materials were tested under disruption and VDE condition. In disruption-like thermal shock tests, the first candidate S65C (Brush Wellman, US) showed less crater depth, cracking depth and thickness of the recrystallization thickness, up to 1 GW/m 2 (5.2 MJ/m 2 ) for 5 ms compared to other grades (DShG200, DShG56 and TR-30). 112) Erosion of Be increased significantly after irradiation (0.35 dpa at 350 C and 700 C). It was partially due to bubble formation in melted layer caused by gas (He, T) production during neutron irradiation. As well as the other radiation effects such as reduction of thermal conductivity, radiation 15 mm 15 mm 
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T. Hirai, K. Ezato and P. Majerus induced embrittlement, bubble formation causes strong erosion of Be materials. 105) In JEBIS, thermal shock tests on various CFC-based and W-based materials have been performed. 50, 113) In disruptionsimulating erosion tests on W-1%La 2 O 3 and pure W by using the electron beam pulse at 1.25 GW/m 2 for 2 ms, weight loss of the W-1%La 2 O 3 was three times larger than that of pure W.
114) The surface observations indicate that the splashing of the melted layer during electron beam pulse occurred only in the W-1%La 2 O 3 , which resulted in the larger weight loss. It was concluded that the results was ascribed to the lower melting point of the doped La 2 O 3 . Repairing techniques of eroded W tiles has also been developed and tested under thermal shock loads.
115) The CVD coating is considered as one of the possible methods for in situ repairing of the W armor. To elucidate the applicability of the CVD coating technique to repair damaged surfaces of W, thermal shock tests were performed on the repaired surface by CVD coating. No delaminating of the CVD coatings was observed on the repaired surfaces at 1.25 GW/m 2 for 2 ms (after removal of the re-solidified layer was necessary before CVD coating). This indicates that the repair of the damaged surface by CVD is effective by removing the re-solidified layer around the loaded surface. 115) In OHBIS, thermal shock tests on neutron-irradiated CFC material have been performed. 116, 117) 1D-CFC (MFC-1) and 2D-CFC (CX-2002U) were irradiated by neutrons at 0:3$ 0:5 dpa, irradiation temperature of 280$320 C in JMTR. These samples were loaded by thermal shock loads at 0.8 GW/m 2 for 25 ms and 0.5 GW/m 2 for 40 ms (20$ 100 MJ/m 2 ). By using surface profilometry it was found that the crater depth is not affected by the neutron irradiation. However, the eroded areas, i.e. the diameters of erosion craters increase with neutron dose. Weight loss also increased after neutron irradiation. It was concluded that the higher erosion after neutron irradiation is attributed to a loss of thermal conductivity with neutron fluence due to radiation damage.
Transient heat load testing by other heat sources 4.2.1 Thermal shock tests in plasma gun facilities
The advantages of heat load tests in plasma guns are the small penetration depth which is corresponding to surface heat loads like plasma loading in ITER and the possibility to combine these transient heat loads with magnetic fields. A minor drawback is the inflexible pulse duration: the duration is fixed at several tens of ms in plasma guns 101, [118] [119] [120] [121] [122] and several hundred ms in quasi-stationary plasma guns.
123) The pulse durations are very short, nevertheless, it is suitable to simulate the initial stage of material response under disruptions. Machine parameters of plasma gun facilities are also found in Ref. 101) . Figure 8 shows a plasma gun MK-200 UG in Troitsk (Russia). 120) Plasma guns are suitable facilities to study the shielding effect under disruption. Due to interaction of energetic plasma pulse with solid material, vaporization of a thin surface layer and a cloud of dense vapor plasma are produced. Vapor plasma acts as a thermal shield stopping the plasma stream and protecting the surface from direct contact with the hot plasma. Target plasma dissipates the incoming energy flux into photon radiation thereby reducing the net power flux reaching onto the target surfaces. Due to the shielding effect, material erosion decreases substantially. The formation and dynamics of vapor shielding have been studied in details and comprehensively summarized in Ref. 101 ). The major in-situ diagnostics are visible and VUV emission spectrometer, laser scattering diagnostics, bolometer, calorimeter and mass spectrometer. As a result, shielding factors (incident energy/energy used by thermal erosion) estimated to be 500 in graphite, above 1000 in CFC and 100 in W at an incident energy Q ¼ 15 MJ/m 2 in MK-200UG. 119, 120) The effect of magnetic field enhances the shielding effect by the confinement of a vapor cloud (vapor shield) in front of the targets. It indicates a considerable reduction of energy influx for plasma disruptions in fusion devices. The speeds of the released particles were estimated to be around 10 m/s for graphite and W by laser scattering measurement. 119, 120) The speed is one order of magnitude slower than the one measured in the electron beam facility, JUDITH.
Weight loss, characterization of the erosion products and loaded surfaces have been performed routinely. Erosion product (particle) size distribution was found mostly 1-3 mm in graphite and CFC and 1-200 mm for W droplets in MK-200UG. 101, 119, 120) The contribution of BD in graphite, ratio of graphite crystalline in the collected deposits, was estimated to be about 10% and the contribution of BD in CFC was considered to be even less in MK-200UG. 119) On the other hand, the size distribution of W particles had a narrow distribution from 0.1 to $3 mm and CFC had a wide distribution from 0.01 to $40 mm in MKT plasma gun. 120) The results from different facilities are somehow contradictory. It might be caused by different collecting methods. Therefore, it is necessary to develop numerical models that include the exact experimental conditions to correlate experimental results obtained from various facilities and heat sources. 
Thermal shock tests in high power laser facility
Plasma disruption loads were simulated on CBMs using pulsed Nd-YAG lasers. Impinging energy densities between 0.2 and 20 MJ/m 2 with pulse lengths ranging from 0.1 to 20 ms were realized. 124, 125) Presently, these tests are performed at NRG in Petten (the Nederland), where the laser can also be operated inside a hot cell.
126) The facility consists of a pulsed high power Nd-YAG laser and a vacuum chamber (down to 10 À5 Pa). Inside the vacuum chamber the laser beam is focused by means of a lens which can be remotely positioned, thus varying the laser spot diameter and incident energy density on the sample. A fast pyrometer, an in-vessel laser power and pulse energy monitor and a calorimeter are used as diagnostics. The absorbed power density of the samples is measured at room temperature in a separate setup. 127) Although simulations of transient thermal loads using a laser are less complex compared to other methods, there are difficulties to calibrate the absorbed power density. Presently, the absorbed power density is calculated by an analytical model based on surface temperature increases by assuming homogeneous materials. Moreover, high absorbed power loads is difficult to perform on reflective metal surfaces because of the high reflection.
Summary
ITER relevant high heat flux testing on plasma facing materials and components are discussed. Electron beam and particle beam facilities are satisfactory to test wide range of static heat loads predicted in ITER. IR heater facilities are possible to simulate moderate heat loads at the first wall mock-ups. Electron beam facilities can also simulate transient heat loads, however, they are not exactly proper to study the dynamics and effects of vapor shield, whereas, plasma gun facilities are advantageous to simulate the vapor shield effects in the early stage of plasma disruption. Thermal shock load tests by high power laser have also been performed.
. The performances of various mock-up designs are evaluated based on the surface temperatures evolution under defined heat loads. Therefore, calibration of surface temperature measurement, i.e. emissivity, and calibration of pre-defined power density must be performed carefully in order to evaluate results obtained in different facilities. Round Robin Tests to access the results from different facilities (electron and particle beam facilities) are carried out and showed fairly good agreement. . Divertor components (W and CFC mock-ups) are resistant to power density up to around 20 MW/m 2 . CFC monoblock, W macrobrush, showed excellent performances in un-irradiated stage, however, limited performances after irradiation (<1 dpa). Present concern is radiation-induced degradation. W monoblock showed rather benign performances even after irradiation. . Small and medium scale first wall mock-ups (Be mockups) that can withstand at a power density of 0.5 MW/ m 2 are available. Scaling up of Be mock-ups is still a technological challenge. Non-destructive examination of the Be mock-up is needed to be developed.
. In-pile tests provide important data on synergistic effects of neutron irradiation and cyclic heat loads. . Thermal shock tests in electron beam facilities indicate that all materials suffered from melting and evaporation or sublimation, and brittle destruction in ITER relevant disruption conditions. Nevertheless, CFC shows negligible erosion up to 2.5 GW/m 2 for 4.4 ms. The damage and erosion rate tend to increase after neutron irradiation.
. 
